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Abstract 
Two-step approaches for front side metallization of silicon wafer solar cells are evaluated regarding their economical 
properties. The efficiency advantage of such processes is determined in two experiments and translated into an 
economical advantage using data from latest publications and present module spot market prices. Process costs are 
estimated based on ISEs extensive data pool and experience with processes. Material usage is varied to reach the 
economic optimum. An efficiency advantage for the two step approach, compared to standard screen printing, of 
0.4 %abs with a very conservative process is demonstrated. An adapted process should give an even higher gain. Even 
for conservative assumptions, cost-effectiveness for the two-step approach is found. Furthermore the flexibility of 
process approaches with plating as second step is illustrated. Implementation possibilities of two step metallization 
processes in industrial production lines are discussed. An additional calculation replacing silver with copper shows an 
even higher economic potential for future metallization solutions. A roadmap comprising several milestones for a 
stepwise reorganization of industrial solar cell metallization is proposed.  
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1. Introduction 
The rapid growth of the photovoltaic industry involves drastic reductions of the feed-in tariff and high 
cost-pressure to all parts of the production chain. Figure 1 (left) shows the development of solar module 
spot market prices in Europe and China from Sep 2009 to Jan 2011[1]. To be competitive in the 
photovoltaic business, cell and module efficiencies need to be increased, while production and material 
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costs need to be decreased simultaneously. Rising silver costs (fig. 2) negatively affect the solar cell 
production costs because of the high amount of silver used for front and back side metallization. Due to 
that, metallization is the most expensive cost factor in solar cell production. As estimated by a cost 
calculation tool by Fraunhofer ISE, nearly 40 % of standard cell production costs are due to front and rear 
side metal. Solely the front side metallization accounts for about 20 %.  
Based on these facts it is essential to switch to low-priced conductive metals and to new, more 
economic metallization processes. With two step metallization processes silver can be used more 
economically and on a mid term time scale replaced by Copper [3]. In this paper we investigated printed 
seed layers only which are typically realized by contactless jet printing processes [4] as first step for 
contacting the emitter. The second step is a silver plating process which gives the lateral conductivity of 
the contacts. The metallization process steps are optimized concerning electrical and economic aspects. 
While the technological superiority of a two step approach has been demonstrated several times [4,5], the 
economic properties have not been investigated intensively so far.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (Left) Evolution of the PV module spot market prices in China and Europe in recent years [1]. (Right) Evolution of the silver 
and copper prices in recent years [2]. 
2. Experimental 
In the following experiments, 156x156 mm² Cz-substrates with a thickness of 180 μm were used. The 
precursors are designed and industrially produced for plating technology in 2009. These have a shallow 
65 Ω/sq emitter, a SiNx-antireflection coating (ARC), a plasma edge isolation and a screen printed and 
fired aluminium rear side. Front side metallization is diversified by different processes and grid designs, 
standard screen printing (SP) as reference, jet printing (JP) and light-induced plating (LIP) as model two-
step approach. In a first experiment, the grid design was optimized for both metallization concepts to suit 
the reference process. The grids consist of three busbars (2 mm width) and 64 contact fingers. 
In a second experiment, two different grids using two and three busbars (2mm width) and 80 fingers, 
were designed by jet printing and optimized by LIP individually.  
The silver paste was deposited by an industrial type inline screen printer and by a lab type jet printer. 
Both were fired at optimized parameters in an industrial conveyor belt furnace. After firing, silver was 
plated on the aerosol printed seed layer by an industrial type inline light-induced plating machine. A 
commercially available non-cyanidic alkaline silver plating solution was used. The optimized plating 
process described in [6] was used and not modified during the experiments. The electrical cell 
characteristics were measured by cell tester (uncertainty: ±3 %rel for η). 
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3. Results 
3.1. Conservative aerosol printing plus light induced plating process 
As first step, the efficiency differences of solar cells created with different metallization processes 
were evaluated. The precursors for the experiments presented have been used for the development and 
optimization of plating processes for several years, to allow direct comparability between all experiments. 
Thus, the results of the experiments given in the following aim to evaluate an efficiency difference rather 
than high absolute efficiencies, which is not possible on these precursors. A first experiment was meant to 
clarify the minimal efficiency gain, so SP and JP+LIP were compared by using similar grids, transferring 
the optimal SP grid design to the JP process. The amount of silver plated by LIP was similar to the 
amount of silver is contained in printed silver paste. The results of I-V measurements are displayed in 
table 1 and show the great potential of the two step metallization process. The efficiency gain of JP+LIP, 
which is not optimized in contrast to SP process, was ~0.4 %abs. This value was assumed as minimal 
efficiency gain. The two step approach offers many possibilities for a further optimization, shown in the 
following experiment. 
Table 1. Average I-V values of screen printed (26 cells) and aerosol printed and plated (18 cells) solar cells.  
 η (%) FF (%) jSC (mA/cm²) VOC (mV) RS (Ω cm²) 
Standard screen printed (average) 16.8 76.8 36.23 604.9 0.58 
Aerosol printed and silver plated (average) 17.2 77.0 36.78 608.6 0.54 
Difference 0.4 0.2 0.55 3.7 0.04 
3.2. Development of adapted aerosol printing plus light induced plating process 
In order to optimize the JP process, two different grids described above, were printed. The process 
time and consequently the plated silver mass were varied. The aim was to find an optimal plated silver 
mass and accordingly an optimal plating time considering the solar cell efficiency.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (Left) Measured values of the fill factor and the short-circuit current density versus the plating time, for two busbar designs. 
(Right) Measured cell efficiency versus the plating time, for two busbar designs. 
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If the plated silver mass on JP seed layer is too light, the contacts will not have enough lateral 
conductivity. By increasing the plated silver mass, the fill factor (FF) increases because of rising contact 
conductivity, and the short circuit current density (jsc) decreases (Fig. 2 left) due to amplified shading of 
the solar cell. The conversion efficiency is influenced by both parameters. As long as the decrease of jsc is 
compensated by the FF increase, the cell efficiency rises as the plated silver mass is increased with 
plating time (Fig. 2 right).  
The maximal efficiency for the two busbar design is achieved for nearly 240 mg plated Ag 
corresponding to 21.3 min plating time. For the three busbar design, the best efficiency results at 140 mg 
plated Ag corresponding to 12.6 min plating time. The average and best cell results at optimal plating 
time are shown in table 2. From our experience with this type of precursors, the efficiency gap to a 
standard screen printing process demonstrated in this experiment should be even higher than the before 
mentioned 0.4%abs.  
Table 2. Average and best cell I-V values of aerosol printed and plated solar cells with different busbar designs. In the experiment 
six cells are used for each busbar design. RMSD: Root mean square deviation 
  η (%)  FF (%) jSC (mA/cm²) VOC (mV) RS (Ω cm²) 
AP+LIP 2 busbar design 
Average 17.8 76.8 37.36 620.4 0.85 
RMSD 0.2 0.7 0.04 1.1 0.02 
Best cell 18.0 77.4 37.37 621.7 0.84 
AP+LIP 3 busbar design 
Average 17.7 77.4 36.82 619.0 0.68 
RMSD 0.1 0.4 0.08 1.0 0.02 
Best cell 17.8 77.7 36.89 619.8 0.66 
3.3. Economical consideration of the process 
For the evaluation of an economically optimized LIP process, the development of cell efficiency and 
silver cost is important. Additionally, the process costs have to be known.  
For the first cost factor, current module spot market prices (1.71 €/Wp, 01/2011) were used to display 
cost gain respective to solar cell power. For a solar cell efficiency increase of 0.1 %, a cost advantage of 
3.3 €ct/Wafer is assumed, where a 20 % margin for the module manufacturer has already been deducted. 
This leads to a cost advantage of 13.2 €ct/Wafer on cell level, for an efficiency gain of 0.4 %abs, as shown 
in the first experiment. So the solar cell efficiency has a substantial impact on the economical evaluation. 
Additionally, the silver costs by increasing plated silver mass have not been discussed yet. Silver cost is a 
significant factor to establish the most economic LIP process. For the following estimations cell 
efficiencies as function of the plated silver mass of the compared processes (fig. 2 right) are used. The 
calculated economical advantages of the two-busbar and three-busbar designs are shown in fig. 3 left. In 
this calculation, solely silver costs and the efficiency gain corresponding to the amount of silver used by 
LIP are taken into account. 
The graphs show the possible economical advantages of the different busbar designs. The advantage of 
the three busbar design compared to the two busbar design is caused by the fact that the efficiency 
optimum is obtained for a smaller amount of plated silver. The most economical process time for three 
busbar (10 min) and two busbar (14 min) design is shown. Technological solutions to allow a further 
reduction of the plating time at comparable deposition quality (electrolyte flow pattern, staged- and 
ramped-potential plating processes, substrate adaption) are under investigation. 
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Fig. 3 Left: Diagram showing development of silver costs (solid line) and the economical advantage of JP+LIP process of 2 busbar 
design (dotted line) and 3 busbar design (dashed line) for different silver mass to SP with a silver paste usage of 230 mg having a 
silver content of 87 %. Right: Cross section SEM (scanning electron microscope) picture of a JP+LIP contact. 
In order to clarify the differences of processing costs for front side metallization technologies a 
calculation tool which is based on more than 10 years experience at Fraunhofer ISE is used. Metallization 
process costs for SP, JP+LIP and JP+Ni-Cu-Sn-Plating are estimated and shown in fig. 4 left. A big 
advantage of JP+LIP in 2nd experiment against the 1st experiment is due to the economical optimized 
silver usage (compare fig. 3 left) of the three busbar design. 
 Based on the calculated process costs of the two experiments, efficiency differences needed for an 
economic process in contrast to standard metallization process, are shown in fig. 4 right. The solid line 
corresponds to the above mentioned economic gain of 3.3 €ct/cell for an efficiency change of 0.1 %abs. 
Differences of JP-LIP (1st and 2nd exp.) process costs compared to SP process costs are shown. It shows 
that the process becomes economic at an efficiency gain of ~0.2 %abs for the first experiment, while the 
second process is economic even at similar efficiency compared to SP, as silver material is saved. Taking 
the measured efficiency gains into account, both processes be economically beneficial compared to the SP 
process. However, increasing silver costs are problematic for all solar cell processes using this material. 
Therefore the process can only be a medium-term solution for photovoltaic industry. A first process cost 
estimation of copper based forward-looking metallization technology is shown in fig. 4 left.   
 
 
  
 
 
 
 
 
 
 
 
Fig. 4. Left: Diagram showing costs of different front side metallization steps. 230 mg silver paste is assumed for SP and 200 mg 
plated silver for JP+LIP 1st exp. 98 mg plated silver is used for JP+LIP 2nd exp (compare fig. 3 left). Right: Diagram showing break-
even points (BEP) of the two experiments in respect of cell efficiency difference have to achieve for economical processes. 
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3.4. Stages of industrial implementation 
The two step metallization gives high flexibility in industrial implementation. For a stepwise integration 
of fine line printing + LIP, a reasonable chronology of introduction could be as follows: The standard SP 
process with subsequent plating can be defined as short-term aim, with optimization potential regarding 
the SP contact width. An efficiency advantage by short LIP on SP contacts has been demonstrated [7].  
A second step would be the implementation of an alternative seeding technology (e.g., aerosol jet or 
inkjet-printing). This medium-term aim has a lot of potential for optimization. Finally, a low priced metal 
will have to be used. In order to achieve that, the anodes and electrolyte of the LIP machine could be 
changed, to enable nickel and copper plating once such a process is ready for industrial introduction (i.e. 
process performance, module integration and long-term stability have been optimized). 
4. Conclusion and Outlook 
Plated contacts have been shown to be a technologically and economically superior solution for future 
metallization challenges. Two-step metallization processes have the potential to replace the standard 
metallization process. On solar cell level the process reflects electrical and advantages already. Fine line 
printing with additional silver plating is a reasonable temporary solution, allowing flexible and highly 
efficient usage of silver. However, because of the high silver price, low-cost metals are needed for front 
side metallization. The biggest prospects are the metallization technology by fine line silver printing with 
subsequent Ni- and Cu-plating. On our industrial precursors, efficiencies of 17.2 % [3] were achieved. 
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